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• Semileptonic

Everything is known very well (  contribution is small for 
 but important for )

VubVuq
b → sℓℓ b → dℓℓ

SM operator basis:

Introduction: operators
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• To address  anomalies, the lepton universality breaking operators  
   and  have been considered as well 

b → sμμ
Qee

9,10 Qμμ
9,10
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SM contributions:

Introduction: SM vs New Physics

NP contributions:



Introduction: typical spectrum

q2

J/ψ
ψ ′ 

B ! (K,K⇤, Xs)  c̄c ! (K,K⇤, Xs) `
+`�

photon pole 
(only  and )K* Xs,d

• Intermediate charmonium resonances contribute via:

• Contributions of  and  have to be dropped

• Theory at low-q2 and high-q2 presents different challenges

broad resonances
at high-q2



Exclusive modes: anomalies

Branching Ratios: Angular observables:

LFUV ratios:



[Aebischer et al, 1903.10434]

•  
pull = 
[Cbsμμ

9 , Cbsμμ
10 ] = [−0.73, 0.40]

6.3σ
•  

pull = 
[Cbsμμ

9 , C9′ 
bsμμ] = [−1.06, 0.47]

6.0σ

Exclusive modes: global fits



Exclusive modes: theoretical frameworks

• At low-q2 the K(*) has large energy (large recoil):

• At high-q2 the K(*) does not recoil:

B K
e
e

hK(⇤)
``|O(y)|Bi ⇡ hK(⇤)|T J

em
µ (x) O(y)|Bi

• The central problem is the calculation of matrix elements:

The large energy of the K(*) introduces three scales: ,  and :m2
b Λmb Λ2

(x� y)2 ⇠ 1

q2
⇠ 1

m2
b

B K

e

e

⟨K(*) |TJem
μ (x)O(y) |B⟩ ∼ C × [ Form Factor] + O (Λ /mb)

⟨K(*) |TJem
μ (x)O(y) |B⟩ ∼ C × [ Form Factor + ϕB ⋆ J ⋆ ϕK(*)] + O (Λ /mb)

Soft-Collinear Effective Theory

local OPE



Exclusive modes: issues

• Form factors
‣ lattice QCD (high-q2):  complete,  and  ongoing
‣ LCSR (low-q2): some uncertainties have to be ball-parked (power 

corrections, …) but get access to all form factors (including baryons)

B → K B → K* Bs → ϕ

• Power corrections
‣ Presently incalculable
‣ In global fits they are taken into account via nuisance parameters
‣ If no form factors relations are used, their impact is not sizable because 

they are essentially confined to the the matrix element 

‣ If form factors relations are used ⇒ construct “clean observables” (e.g. )

⟨K(*) |TJem
μ O2 |B⟩

P′ 5

[Fermilab/MILC and EL, 1903.10434]



• Resonances at high-q2

‣ Unsurprisingly naive factorization fails to reproduce the resonant pattern 
observed in  at high-q2 

‣ The OPE and quark-hadron duality lead 
to a reliable prediction for the integrated 
high-q2 branching ratio [Beylich, Buchalla]

‣ Within naive factorization the  
contribution of the “wiggles” is  
non-negligible

‣ This has led to some uneasiness about 
our ability to use the high-q2 region 
effectively

B → Kμμ
[Zwicky, Lyon]

Exclusive modes: issues

• All these anomalies need confirmation at Belle II
‣ different systematics
‣ access to more observables (inclusive modes)



Inclusive theory: observables

•    

In the SM  is not suppressed by the lepton mass

There are similar contributions from non-SM operators but there is no interference 
between V+A and V-A structures

At low  ( )  is suppressed ( )

HA

q2 ̂s < 0.3 HT C7 < 0

B ! Xs``
d
2�Xs

dq2 d cos ✓`
=

3

8

⇥
(1 + cos2 ✓`) HT + 2(1� cos2 ✓`) HL + 2 cos ✓` HA
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•    B ! K``
d2�K

dq2 d cos ✓`
= a+ b cos ✓` + c cos ✓2`

a ⇠ C7 + C 0
7, C9 + C 0

9, C10 + C 0
10,

CS + C 0
S , CP + C 0

P , m` CT

b ⇠ CS + C 0
S , CP + C 0

P , CT , CT5, m` (C10 + C 0
10)

c ⇠ C7 + C 0
7, C9 + C 0

9, C10 + C 0
10, CT , CT5

In the SM  is suppressed by the lepton massb

HT ± HA ∼ (1 ± cos θ )2

HL ∼ 1 − cos2 θ



•    B ! K⇤`` ! K⇡``

3.7 sigma

“clean ratios”

Inclusive theory: observables



OPE is an expansion in  and breaks down at ΛQCD/(mb − q2) q2 ∼ m2
b

Matthias Neubert CERN-FNAL Summer School, Aug. 2008 11

OPE for inclusive rates

• More realistic picture:

• Model-independent predictions
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Inclusive theory: OPE



Inclusive theory: OPE

• The breakdown of the OPE at high-q2 results in large power corrections:
‣ power corrections account for the almost totality of the high-q2 

integrated branching ratio
‣ the poorly known matrix elements required to evaluate  power 

corrections are responsible for the large uncertainty
1/m3

b

• Power corrections proportional to  are identical to the power 
corrections which appear in 
‣ Introduce a new observable obtained by normalizing the rate to the 

semileptonic rate with the same q2 cut [Ligeti et al]:

C2
9,10

B̄0 → Xuℓν

ℛ(s0) =
∫ 1

̂s0
d ̂s

dΓ(B̄ → Xsℓ+ℓ−)
d ̂s

∫ 1
̂s0
d ̂s dΓ(B̄0 → Xuℓν)

d ̂s

[ ]̂s = s/m2
b = q2/m2

b



Inclusive theory:  cutsmX

q2

M2
X

q 2
< (m

B �m
X

s ) 2

high-q2

low-q2

Ba
Ba

r
Be

lle

•  cuts are required to suppress background from double semileptonic 
decays (both same side and opposite side):
‣   
‣

mX

B → (Xc → Xsℓ+ν)ℓ−ν̄ = Xsℓℓ + missing energy
ee → (B → (Xc → Xs)ℓ−ν̄)(B̄ → (Xc → Xs)ℓ+ν) = Xsℓℓ + missing energy

• These cuts introduce sensitivity to a hard collinear scale (of order 2 GeV) 
and the rate becomes dependent on the B meson shape function

‣ The high-q2 region is unaffected

‣ Current BaBar and Belle analyses correct 
using a Fermi motion model

‣ Better modeling can be achieved within 
SCET and by using  and  
data to extract the shape function

B → Xsγ B → Xuℓν



Inclusive theory:  cutsmX

2

versal soft shape function S [12, 13], i.e.

dΓ[0] = h[0] × J ⊗ S , (3)

a result applied extensively in the study of inclusive
B → Xu!ν̄ and B → Xsγ decays. It was first applied
to B → Xs !+!− in Refs. [14, 15] to study systematically
the effect of the mcut

X on the q2 spectrum and forward-
backward asymmetry. In Ref. [15] it was shown that
the cut on mX leads to a 10 − 30% reduction in the
rate. This reduction is, to a good approximation, univer-
sal among the different short distance contributions and
one can take it into account accurately using experimen-
tal information from B → Xsγ or B → Xu!ν̄, thereby
maintaining the sensitivity to new physics.

The largest irreducible hadronic uncertainties and
universality breaking are expected to come from
O(ΛQCD/mb) power corrections due to subleading shape
functions [16, 17, 18]. In this paper, we extend the anal-
ysis of the three angular observables to incorporate non-
perturbative shape-function effects arising from the mX

cut, including the O(ΛQCD/mb) subleading shape func-
tions.

In Sec. II, we briefly discuss the kinematics and the
angular decomposition, defining the three observables
HT,A,L(q2). In Sec. III, we discuss the separation of the
perturbation series above and below the scale µ ∼ mb,
and our effective Wilson coefficients. In Sec. IV, we
present our results for HT,A,L in the SCET region. The
leading power contribution is given in Sec. IVA, includ-
ing the full NLL and partial NNLL perturbative correc-
tions. The subleading power corrections are presented at
tree level in Sec. IVB. Their numerical impact is inves-
tigated briefly in Sec. V, and we conclude in Sec. VI.

II. ANGULAR DECOMPOSITION AND
KINEMATICS

The triple differential decay rate can be written as [4]

d3Γ

dq2 dp+
X dz

=
3

8

[
(1 + z2)HT (q2, p+

X) + 2zHA(q2, p+
X)

+ 2(1− z2)HL(q2, p+
X)

]
. (4)

Here, q2 = (p!+ + p!−)2 is the dilepton invariant mass,
p±X = EX ∓ |$pX |, and z = cos θ. In B̄0 or B− [B0 or
B+] decay, θ is the angle between the !+ [!−] and the B
meson three-momenta in the !+!− center-of-mass frame.
The q2 spectrum and forward-backward asymmetry are
given by

dΓ

dq2
= HT (q2) + HL(q2) ,

dAFB

dq2
=

3

4
HA(q2) . (5)

The velocity of the B meson is vµ = pµ
B/mB. We

define light-cone vectors n and n̄ such that qµ
⊥ = vµ

⊥ = 0
and p+

X = n · pX , p−X = n̄ · pX . For later convenience, we
also define the leptonic light-cone variables

q+ = n · q = mB − p+
X ,
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FIG. 1: Phase space cuts relevant for B → Xs !+!− in the
p±

X plane. The measurements are performed in the orange
(medium) region, where the mX and q2 cuts overlap and
p+

X " p−

X .

q− = n̄ · q = mB − p−X =
q2

mB − p+
X

, (6)

with q2 = q+q−.
The functions Hi(q2, p+

X) in Eq. (4) are independent of
z, and are given by

HT (q2, p+
X) = 2

Γ0

m5
B

(q+ − q−)2

q+
q2 WT (q2, p+

X) ,

HA(q2, p+
X) = −2

Γ0

m5
B

(q+ − q−)2

q+
q2 WA(q2, p+

X) ,

HL(q2, p+
X) =

Γ0

m5
B

(q+ − q−)2

q+
WL(q2, p+

X) , (7)

where

Γ0 =
G2

F m5
B

48π3

α2
em

16π2
|VtbV

∗
ts|2 . (8)

In terms of the usual structure functions in the decom-
position of the hadronic tensor,

Wµν =
1

2mB

1

2π

∫
d4x e−iq·x〈B|J†µ(x)Jν(0)|B〉

= −gµνW1 + vµvνW2 + iεµν
αβvαqβW3

+ qµqνW4 + (vµqν + vνqµ)W5 , (9)

the hadronic structure functions WT,A,L in Eq. (7) are
given by

WT = 4 W1 ,

WA = −2 (q+ − q−)W3 ,

WL = 4 q2 W1 + (q− − q+)2 W2 . (10)

Without any cuts, the phase space limits on q2, p+
X ,

and z are

0 ≤ p+
X ≤ mB −

√
q2 ≤ mB , −1 ≤ z ≤ 1 . (11)

p+
X � p�X =⇥ m2

X � E2
X

X is hard-collinear:

Λ2 ≪ m2
X ∼ Λmb ≪ m2

b

p±X = EX ± |⇤pX |

‣ The impact of the cuts is universal ( ): η = Γcut /Γ‣ Kinematics:

‣ Since the universality of the cuts extends to  
, the following ratio is minimally 

sensitive to the shape function modeling:
B → Xuℓν

[same  cut]mX
Γ(B → Xsℓℓ)cut

Γ(B → Xuℓν)cut

[Lee, Ligeti, Stewart, Tackmann]



Inclusive theory:  cutsmX

‣ Current status of shape function modeling:
[Lee, Ligeti, Stewart, Tackmann; Bell,Beneke,Huber,Li]

The same-color curves correspond to a sampling of potential shape functions



Inclusive theory: resonances

˝

• Optical theorem:

b s b
c c

ℓ

ℓ

γ

γ

O2 O7

Im

2

4
X

ij

hB̄|T Qi(0) Qj(x)|B̄i

3

5 ⇠ �(B̄ ! Xs) 6= �(B̄ ! Xs`
+`�)

[Beneke, Buchalla, Neubert, Sachrajda]

O2 O2

b s b

c

c

b ! s(cc̄)had b → sℓ+ℓ−

b → s(cc̄)ℓℓ

BR(B → Xs) ∼ 10−2

BR(B → Xs(J/ψ, ψ′ ) → Xsℓℓ) ∼ 10−4

BR(B → Xsℓℓ) ∼ 10−6

Experimental cuts

Need to control charmonium 
contamination away from ψ(1s,2s)



Inclusive theory: resonances

• The charmonium in  can be produced by an 
underlying color singlet and color octet quark transition:
‣ the color singlet contribution is modeled exactly over the whole q2 spectrum 

using Rhad data for both on- and off-shell charmonium (Krüger-Sehgal mechanism)

‣ off-shell color octet effects at high-q2 are taken into account by  corrections 
[Voloshin; Buchalla, Isidori, Rey]

‣ off-shell color octet effects at low-q2 can be described within SCET and yield so-
called resolved contributions which at present can only be estimated [Voloshin; 
Buchalla, Isidori, Rey]

‣ on-shell color octet effects at high-q2 are under study (at low-q2 there is no on-
shell charmonium)

B → Xs(ψcc → ℓℓ)

1/m2
c

• Cascade decays :
‣ on-shell effects do not interfere and can be measured and subtracted from the 

experimental measurement or added to the theory prediction (luckily they turn 
out to have negligible impact)

B → Xs(ψcc → X′ sℓℓ)



Inclusive theory: resonant color singlet production

• Kruger-Sehgal mechanism:

cc̄

e+

e+
e�

e�

Rcc̄
had =

⇥(e+e� � cc̄ hadrons)
⇥(e+e� � µ+µ�)

= cc̄

e+ e�

b s

�O2⇥ =

• We can include NLO effects [separation of two-loop perturbative functions provided by de Boer]

Im[hc] =
π
3

Rhad

Re[hc] = Re[hc(s0)] +
s − s0

π ∫
∞

0

Im[hq(t)]
(t − s)(t − s0)

dt

perturbative for s0 ∼ − μ2
b



• Using updated Rhad data [BESII, BaBar, ALEPH; Keshavarzi, Nomura, Teubner] and perturbation 
theory (program rhad) for asymptotically large s [Harlander, Steinhauser]

• Impact at low-q2 is small (about 2%): perturbation theory and dispersive approaches 
agree because below threshold we are mostly sensitive to the total integral over Rhad which 
is well described in perturbation theory 

• Impact at high-q2 region is large (about -10%): details of the resonant structure 
matters

Inclusive theory: resonant color singlet production



• For  we need to include  resonant effectsB → Xdℓℓ uū
• Considerable complications arise because we 

need to estimate  correlators with 
 whose relative size at low-q2 is not 

described by perturbation theory at all

⟨JqJq′ ⟩
q, q′ = u, d, s ≪

• Using both Isospin SU(2) and SU(3) we were able to express the ,  
and  KS functions in terms of Rhad and  decay data only

uū dd̄
ss̄ τ

Rhad predicted from  data using Isospin SU(3)τ

We use its deviation from the actual Rhad measurement
(in red) as an estimate of SU(3) breaking effects

Inclusive theory: resonant color singlet production



• For  we need to include  resonant effectsB → Xdℓℓ uū

Very good asymptotic agreement 
with perturbation theory

Inclusive theory: resonant color singlet production



Inclusive theory: non-resonant color octet 

• Non-resonant color octet effects at high-q2 can be calculated in 
perturbation theory and it scales as  [Buchalla, Isidori, Rey]:Λ2

QCD/q2

⟹
⟨B | b̄σμνGμνb |B⟩

m2
c (−6

m2
c

q2 ) ∼
λ2

q2

• At low-q2 and with a cut on  the charm loop is hard-collinear and needs 
to be treated using SCET [Hurth, Benzke, Fickinger, Turczyk]:

mX

‣ Power corrections stay non-local after  cut is released 
 so-called resolved contributions

‣ Depend on mostly unknown subleading B shape functions
‣ Work in progress on explicit estimate [Benzke, Hurth, Turczyk]
‣ For the time being, we use rough estimates to asses an 

irreducible uncertainty of about 5%

mX
⇒



Inclusive theory: cascades

• Cascade decays  constitute another long distance effect 
[Buchalla, Isidori, Rey; Beneke, Buchalla, Neubert, Sachrajda]

• Effects are potentially very large:

B → X1(ψ → X2ℓℓ)

‣ For instance, the  contribution alone yields a contribution which is of the 
same order as the short distance : 

η′ 

b → sℓℓ
BR(B → XsJ/ψ)BR(J/ψ → η′ ℓℓ) = 5.1 × 10−7



Inclusive theory: cascades

• Even though the inclusive process  has not be studied yet, 
we can study cascade effects as sum over exclusive

• This background is concentrated at low-q2:

J/ψ → Xℓℓ

• After imposing  this background becomes ! mX < 2 GeV ≪ 1 %



Photons emitted by the final state leptons (especially electrons) should be technically 
included in the Xs system:

Xs

�+��

B

���

c

e�

e+

B̄

�+��

Xs

B̄

This implies large αem log(me/mb) at low and high-q2

The logs cancel in the total rate that is however inaccessible (resonances)

At BaBar and Belle most but not all of these photons are included in the Xs system

Need Monte Carlo studies (EVTGEN+PHOTOS) to find the correction factor:

QED radiation: theory vs experiment



HT+HL

HT

HL

HA

1 2 3 4 5 6
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q2HGeV2L

dHI

dq2

Impact of collinear photon radiation is huge on some observables
Cross check with Monte Carlo study (EVTGEN + PHOTOS)

Shift on  is !HT ∼ 70 %only QCD
QCD + QED

HT is smaller than HL (  and 
):

̂s < 0.3
C7 < 0

d
2�Xs

dq2 d cos ✓`
=

3

8

⇥
(1 + cos2 ✓`) HT + 2(1� cos2 ✓`) HL + 2 cos ✓` HA

⇤

HT ⇠ 2ŝ(1� ŝ)2

|C9 +

2

ŝ
C7|2 + |C10|2

�

HL ⇠ (1� ŝ)2
⇥
|C9 + 2C7|2 + |C10|2

⇤

HA ⇠ � 4ŝ(1� ŝ)2Re


C10(C9 + 2

m
2
b

q2
C7)

�

QED radiation: size of the effect



We calculated the effect of collinear photon radiation and found large 
effects on some observables

Size of QED contributions to 
the HT and HL is similar

HT+HL
HT

HL

HA

1 2 3 4 5 6
-0.4

-0.2

0.0

0.2

0.4

0.6

q2HGeV2L

dDHI
em

dq2

QED radiation: size of the effect
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EM effects have been calculated analytically and cross checked against 
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QED radiation: Monte Carlo check

[Many thanks to K. Flood, O. Long and C. Schilling]



The Monte Carlo study reproduces the main features of the analytical 
results

)2 (GeV2q
0 2 4 6 8 10 12 14 16 18 20 22

-2
 G

eV
6

 1
0

× 2
dB

R/
dq

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
              L + HTH  (no QED)L + HTH

LH  (no QED)LH

TH  (no QED)TH

)2 (GeV2q
1 2 3 4 5 6

-2
 G

eV
6

 1
0

× 2
dB

R/
dq

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
              L + HTH  (no QED)L + HTH

LH  (no QED)LH

TH  (no QED)TH

Monte Carlo: Analytical:

HT+HL

HT

HL

HA

1 2 3 4 5 6
-1

0

1

2

3

4

5

q2HGeV2L

dHI

dq2

QED radiation: Monte Carlo check
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! The total decay width is an IR-safe quantity, hence the
   integral of the log(mb/me) term over the whole s-spectrum
   must vanish 
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The Monte Carlo study reproduces the main features of the analytical results:

QED radiation: Monte Carlo check

‣ Take home points on QED radiation and treatment of photons:
‣ Large impact (up to for )
‣ Strong dependence on the observable (e.g. ) and on the shape of the spectrum 

(as shown by the comparison between theory and EVTGEN+PHOTOS)

70 % HT
HT

‣ Experimental strategies:
‣ be as inclusive as possible (i.e. include photons in Xs system)
‣ “remove” collinear photons effects with PHOTOS (be wary of dependence on 

the shape of the EVTGEN generated spectrum)



Inputs

Dominant uncertainties 
at high-q2



Inputs: HQET matrix elements

• Power corrections affects mainly high-q2 where the OPE breaks down: 

λ1 ≡
1

2mB
⟨B | h̄v(iD)2hv |B⟩

λ2 ≡
1

12mB
⟨B | h̄v(−iσμν)G muνhv |B⟩

ρ1 ≡
1

2mB
⟨B | h̄viDμ(iv ⋅ D)iDμhv |B⟩

ρ2 ≡
1

6mB
⟨B | h̄viDμ(iv ⋅ D)iDνhv(−iσμν) |B⟩

f 0,±
q ≡

1
2mB

⟨B0,± |Qq
1 − Qq

2 |B0,±⟩

‣ Extracted in the kinetic scheme 
from moments of the   
spectrum [Gambino, Healey, Turczyk]

B → Xcℓν

‣ Converted to the pole scheme

‣Weak annihilation contributions 
(  is the flavor of the 
spectator quark)
q = u, d, s

‣ In   and  appear in 

the combination 

b → sℓℓ λ2 ρ2

λeff
2 ≡ λ2 −

ρ2

mb

Qq
1 = h̄vγμ(1 − γ5)q q̄γμ(1 − γ5)hv ,

Qq
2 = h̄v(1 − γ5)q q̄(1 + γ5)hv .



Inputs: Weak Annihilation

• In the isospin SU(3) limit there are only two WA matrix elements:

fV ⌘ f±
u

SU(2)
= f0

d

fNV ⌘ f0
u

SU(2)
= f±

d

SU(3)
= f0

s
SU(2)
= f±

s
<latexit sha1_base64="k6zksSJLvoMeJH3Ja38mw0Ogyrc="></latexit>

• Numerically we adopt upper limits extracted from  and  decays 
rescaled by a factor  [following the analysis of Gambino, Kamenik]

D0,± Ds
mB f 2

B /(mD f 2
D)

• We found that  and  are mostly uncorrelatedfNV fNV − fV
• We estimate SU(2) and SU(3) breaking effects following [Ligeti, Tackmann]

• Taking into account the adopted normalizations, we need:

B(B ! Xs`
+`�) =)

(
fs = fNV

fu = (fV + fNV)/2

R(s0, B ! Xs`
+`�) =)

(
(fs + f0

u)/2 = fNV

fs � f0
u = [�f ]SU(3)

B(B ! Xd`
+`�) and R(s0, B ! Xd`

+`�) =)
(
(fd + fu)/2 = (fV + fNV)/2

fd � fu = [�f ]SU(2)
<latexit sha1_base64="NzCp+gh2r1JBWczxIwoI2wtG7qY="></latexit>



• Branching ratios

‣ World averages from BaBar (424 fb-1) and Belle (140 fb-1): 

‣SM predictions [preliminary]:

BR(B̄ → Xsℓℓ)exp
low = (1.58 ± 0.30) × 10−6 δexp = 23 % q2 ∈ [1,6] GeV2

BR(B̄ → Xsℓℓ)exp
high = (4.8 ± 1.0) × 10−7 δexp = 21 % q2 > 14.4 GeV2

BR(B̄ → Xsℓℓ)SM
low = (1.75 ± 0.13) × 10−6 δexp = 7.4 % q2 ∈ [1,6] GeV2

BR(B̄ → Xsℓℓ)SM
high = (2.21 ± 0.68) × 10−7 δexp = 31 % q2 > 14.4 GeV2

: experimental status and SM predictionsB → Xsℓℓ

• Forward-backward asymmetry (non-optimal binning)

‣ Belle:

‣ SM:

Āexp
FB = {0.34 ± 0.24 ± 0.02 q2 ∈ [0.2,4.3]GeV2

0.04 ± 0.31 ± 0.05 q2 ∈ [4.3,7.3(8.1)]GeV2

ĀSM
FB = {−0.077 ± 0.006 q2 ∈ [0.2,4.3]GeV2

0.05 ± 0.02 q2 ∈ [4.3,7.3(8.1)]GeV2
[not updated 

with new inputs]



: complete SM predictionsB → Xsℓℓ

• Branching ratios [preliminary]

ℬ[1,6]ee = (1.78 ± 0.08scale ± 0.02mt
± 0.04C,mc

± 0.02mb
± 0.01αs

± 0.002CKM ± 0.03BRsl

±0.01λ2
± 0.09resolved) ⋅ 10−6

= 1.78 (1 ± 7.5%) ⋅ 10−6

ℬ[1,6]μμ = 1.73 (1 ± 7.4%) ⋅ 10−6

ℬ[ > 14.4]ee = (2.04 ± 0.28scale ± 0.02mt
± 0.03C,mc

± 0.19mb
± 0.002CKM ± 0.03BRsl

±0.01αs
± 0.13λ2

± 0.57ρ1
± 0.54fu,s

) ⋅ 10−7

= 2.04 (1 ± 46%) ⋅ 10−7

ℬ[ > 14.4]μμ = 2.38 (1 ± 36%) ⋅ 10−7

Scale uncertainties and resolved contributions dominate at low-q2

Scale uncertainties and power corrections dominate at high-q2



: complete SM predictionsB → Xsℓℓ

•  and  ( ) and  breakdown HT HL BR = HT + HL ([1,3.5], [3.5,6]) GeV2

ℬ[1,3.5]ee = 0.982 (1 ± 6.8%) ⋅ 10−6

ℬ[3.5,6]ee = 0.798 (1 ± 8.4%) ⋅ 10−6

ℬ[1,6]ee = 1.78 (1 ± 7.5%) ⋅ 10−6

Error breakdown is similar to the branching ratio one

HT[1,3.5]ee = 2.91 (1 ± 6.5%) ⋅ 10−7

HT[3.5,6]ee = 2.43 (1 ± 8.2%) ⋅ 10−7

HT[1,6]ee = 5.34 (1 ± 7.1%) ⋅ 10−7

HL[1,3.5]ee = 6.35 (1 ± 5.5%) ⋅ 10−7

HL[3.5,6]ee = 4.97 (1 ± 5.8%) ⋅ 10−7

HL[1,6]ee = 1.13 (1 ± 5.3%) ⋅ 10−6 [n
ot

 u
pd

at
ed

 w
ith

ne
w

 in
pu

ts
]

ℬ[1,3.5]μμ = 0.944 (1 ± 6.7%) ⋅ 10−6

ℬ[3.5,6]μμ = 0.785 (1 ± 8.4%) ⋅ 10−6

ℬ[1,6]μμ = 1.73 (1 ± 7.4%) ⋅ 10−6

HT[1,3.5]μμ = 2.09 (1 ± 5.7%) ⋅ 10−7

HT[3.5,6]μμ = 1.94 (1 ± 8.2%) ⋅ 10−7

HT[1,6]μμ = 4.03 (1 ± 6.9%) ⋅ 10−7

HL[1,3.5]μμ = 6.79 (1 ± 5.3%) ⋅ 10−7

HL[3.5,6]μμ = 5.34 (1 ± 5.9%) ⋅ 10−7

HL[1,6]μμ = 1.21 (1 ± 5.8%) ⋅ 10−6



: complete SM predictionsB → Xsℓℓ

•  and zero-crossing ( ) [ ]HA q2
0 ĀFB =

3
4

HA

HT + HL

(q2
0)ee = (3.46 ± 0.10scale ± 0.001mt

± 0.02C,mc
± 0.06mb

± 0.02αs
) GeV2

= 3.46 (1 ± 3.2%) GeV2

(q2
0)μμ = 3.58 (1 ± 3.4%) GeV2

HA[1,3.5]ee = (−1.03 ± 0.04scale ± 0.01mt
± 0.02C,mc

± 0.02mb

±0.01αs
± 0.003CKM ± 0.01BRsl

) ⋅ 10−7

= −1.03 (1 ± 4.9%) ⋅ 10−7

HA[3.5,6]ee = (+0.73 ± 0.11scale ± 0.01mt
± 0.04C,mc

± 0.05mb

±0.02αs
± 0.002CKM ± 0.01BRsl

) ⋅ 10−7

= 0.73 (1 ± 16%) ⋅ 10−7

HA[1,3.5]μμ = −1.10 (1 ± 11%) ⋅ 10−7

HA[3.5,6]μμ = 0.67 (1 ± 18%) ⋅ 10−7

Error breakdown is similar to the branching ratio one
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: SM predictionsB → Xsℓℓ

• :ℛ(s0) = Γs>s0
(B̄ → Xsℓℓ)/Γs>s0

(B̄0 → Xuℓν)

ℛ(14.4)ee = (2.25 ± 0.12scale ± 0.03mt
± 0.02C,mc

± 0.01mb
± 0.01αs

± 0.20CKM

±0.02λ2
± 0.14ρ1

± 0.08f 0
u+fs

± 0.12f 0
u−fs) ⋅ 10−3

= 2.25 (1 ± 14%) ⋅ 10−3

ℛ(14.4)μμ = (2.62 ± 0.09scale ± 0.03mt
± 0.01C,mc

± 0.01mb
± 0.01αs

± 0.23CKM

±0.0002λ2
± 0.09ρ1

± 0.04f 0
u+fs

± 0.12f 0
u−fs) ⋅ 10−3

= 2.62 (1 ± 11%) ⋅ 10−3

• Impact of  power corrections ( ) and weak annihilation ( ) is reduced: 

 

m−2,−3
b λ2, ρ1 f a

q

δm−2
b ,m−3

b
: 29 % → 6 %

δWA : 27 % → 6 %

• The largest source of uncertainty is Vub
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: new observablesB → Xsℓℓ

• At leading order in QED and at all orders in QCD, the double differential 

width is a quadratic polynomial: 

•  receives non polynomial log-enhanced QED corrections

• We can build new observables by projecting out with Legendre 

polynomials:

Γ ∼ a cos2 θ + b cosθ + c
Γ

HI(q2) = ∫
1

−1

d2Γ
dq2dz

WI(z)dz WT =
2
3

P0(z) +
10
3

P2(z)

WL =
1
3

P0(z) −
10
3

P2(z)

WA =
4
3

sign(z)

W3 = P3(z)
W4 = P4(z) new observables



: lepton flavor universality violation B → Xsℓℓ

0.75
1.07
1.07
0.92
0.42
0.42

0.97
1.17

• Scale uncertainties dominate at low-q2

• Power corrections and scale uncertainties dominate at high-q2

Rμ/e
X

• Log-enhanced QED corrections at low and high-q2 are correlated

ℬ[1,6]ee = 1.78 (1 ± 0.075) ⋅ 10−6

ℬ[ > 14.4]ee = 2.04 (1 ± 0.46) ⋅ 10−7

HT[1,6]ee = 5.34(1 ± 0.07) × 10−7

HL[1,6]ee = 1.13(1 ± 0.05) × 10−6

HA[1,3.5]ee = − 1.03(1 ± 0.05) × 10−7

HA[3.6,6]ee = 0.73(1 ± 0.16) × 10−7

H3[1,6]ee = 8.92(1 ± 0.13) × 10−9

H4[1,6]ee = 8.41(1 ± 0.09) × 10−9

HT[1,6]μμ = 4.03(1 ± 0.07) × 10−7

HL[1,6]μμ = 1.21(1 ± 0.06) × 10−6

HA[1,3.5]μμ = − 1.10(1 ± 0.05) × 10−7

HA[3.6,6]μμ = 0.67(1 ± 0.18) × 10−7

H3[1,6]μμ = 3.71(1 ± 0.13) × 10−9

H4[1,6]μμ = 3.50(1 ± 0.09) × 10−9

ℬ[1,6]μμ = 1.73 (1 ± 0.074) ⋅ 10−6

ℬ[ > 14.4]μμ = 2.38 (1 ± 0.36) ⋅ 10−7



: SM predictionsB → Xdℓℓ

• Branching ratios

ℬ[1,6]ee = (7.81 ± 0.37scale ± 0.08mt
± 0.17C,mc

± 0.08mb
± 0.04αs

± 0.15CKM

±0.12BRsl
± 0.05λ2

± 0.39resolved) ⋅ 10−8

= 7.81 (1 ± 7.8%) ⋅ 10−8

ℬ[1,6]μμ = 7.59 (1 ± 7.8%) ⋅ 10−8

ℬ[ > 14.4]ee = (0.86 ± 0.12scale ± 0.01mt
± 0.01C,mc

± 0.08mb
± 0.02CKM ± 0.02BRsl

±0.06λ2
± 0.25ρ1

± 0.25fu,d
) ⋅ 10−8

= 0.86 (1 ± 45%) ⋅ 10−8

ℬ[ > 14.4]μμ = 1.00 (1 ± 39%) ⋅ 10−8

Scale and resolved uncertainties dominate at low-q2 (hard to improve)

Power corrections and scale uncertainties dominate at high-q2



: SM predictionsB → Xdℓℓ

• Ratio ℛ(s0)

ℛ(14.4)ee = (0.93 ± 0.02scale ± 0.01mt
± 0.01C,mc

± 0.002mb
± 0.01αs

± 0.05CKM

±0.004λ2
± 0.06ρ1

± 0.05fu,d
) × 10−4

= 0.93 (1 ± 9.7%) × 10−4

ℛ(14.4)μμ = 1.10 (1 ± 6.4%) × 10−4

• Forward-backward asymmetry and zero-crossing
HA[1,3.5]ee = −0.41 (1 ± 9.8%) ⋅ 10−8

HA[3.5,6]ee = 0.40 (1 ± 18%) ⋅ 10−8

HA[1,3.5]μμ = −0.44 (1 ± 9.1%) ⋅ 10−8

HA[3.5,6]μμ = 0.37 (1 ± 19%) ⋅ 10−8

(q2
0)ee = 3.28 ± 0.11scale ± 0.001mt

± 0.02C,mc
± 0.05mb

±0.03αs
± 0.004CKM ± 0.001λ2

± 0.06resolved = 3.28 ± 0.14

(q2
0)μμ = 3.39 ± 0.14
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 constraints in the  plane ( ):95 % CL [R9, R10] Ri = Ci(μ0)/CSM
i (μ0)

B → Xsee

Note that  and  CSM
9 (μ0) = 1.6 CSM

9 (μ0) = − 4.3
Best fits from the exclusive anomaly translate in  and R9 ∼ − 0.45
R10 ∼ − 0.09

Wilson coefficients fits

B → Xsμμ B → Xsℓℓ



Projected reach with  of integrated luminosity50 ab−1

Belle II reach

weight (Legendre polynomial)



Belle II reach



Inclusive/exclusive interplay

[Ishikawa, Virto, Huber, Belle II physics book, 1808.1056, sec. 9.4.5]


